Measurements of two particle azimuthal correlations in relativistic heavy ion collisions are useful tools to dissect the interplay between hard-scattered partons and hot dense medium. Correlations with trigger particle selection relative to second order event plane are sensitive to the path-length dependence of parton energy loss and to the influence of the medium on jet for high and intermediate transverse momenta pairs, respectively. To study the parton-medium coupling, it is also crucial to obtain correlations with rejection of contributions from higher harmonic flow. We present current results of second order event plane dependent correlations as well as correlations in which contributions from higher harmonic flow have been excluded in Au+Au collisions at √ s NN = 200 GeV measured by PHENIX.
Higher harmonic event planes and flow
In previous understanding of relativistic heavy ion collisions, it has been assumed that the spatial geometry of the participant nucleons shows almond-like shapes and considered that the generated hot and dense medium mainly expands in the direction of short axis of almond-like shapes.
Recent studies with AMPT model simulations [1] and experimental measurements [2] [3] [4] revealed that, in addition to ellipticity, there are triangularity, squarity as well as higher-order deformation in the initial collision geometry originating from its fluctuations, giving thus rise to higher-order flow harmonics, i.e. anisotropy of particle productions relative to each harmonic event plane, over wide rapidity range. The effects due to fluctuations of initial collision geometry play an important roll for the understanding of space time evolution of the medium created in heavy ion collisions.
The amplitude of flow harmonics v n is defined as
2v n cos(n(φ − Φ n )), v n = cos(n(φ − Φ n )) , (n = 1, 2, 3, ...),
where φ is the particle azimuthal angle and Φ n is the direction of the nth harmonic event plane in transverse plane. The v n of hadrons within |η| < 0.35 is measured with the event planes determined in 1.0 < η < 2.8 to ensure a sufficient pseudo-rapidity gap between particle and event planes to reduce non-flow correlations, such as those due to jet production. this source of systematic uncertainty has little correlation between the centrality and momentum selections. For central events the near-side suppression is consistent with a constant as a function of φ s within the statistical and φ s -correlated systematic uncertainties. The values are also consistent with no suppression when considering the global scale uncertainty that appears on the trigger particle orientation averaged I AA . On the away-side, there is significant suppression in central events, as evidenced by the trigger particle averaged I AA , but the statistical precision with which to determine the φ s variation is limited.
Midcentral (20%-60%) events, have greater eccentricity and could be expected to show correspondingly larger trigger particle orientation dependence due to path-length variation through the collision zone. The same set of representative per-trigger azimuthal yields is shown in Fig. 6 for the midcentral selection. Again, the near-side jets for the most FIG. 7 . (Color online) Nuclear jet suppression factor I A angle with respect to the reaction plane φ s for near-and away angular selections, circles and squares, respectively, in midc (20%-60%) collisions for various partner momenta. Bars in statistical uncertainties. The shaded band shows the syste uncertainty on the reaction-plane resolution unsmearing corre Solid points show trigger particle angle averaged results an global scale uncertainty.
in-plane and most out-of-plane trigger particle orienta are consistent with each other, a direct indication of variation with respect to the reaction plane. The mid-φ also in agreement with zero, as before, further demonstr that the underlying event flow correlations are well desc by Eqs. (6)-(9). In contrast to the near-side, the away measurements (see insets in Fig. 6 ) change between in-plane and out-of-plane trigger particle orientations the latter having consistently smaller yield for all pa momenta.
The integrated near-and away-side per-trigger jet y for midcentral (20%-60%) collisions are shown in Fi The near-side jet is essentially flat, with negligible sup sion [I AA (φ s ) = 1]. The away-side jet yield is increas suppressed with increasing φ s . This falling trend resu only small associated particle yield remaining for out-of-p trigger particle orientations. this source of systematic uncertainty has little correlation between the centrality and momentum selections.
For central events the near-side suppression is consistent with a constant as a function of φ s within the statistical and φ s -correlated systematic uncertainties. The values are also consistent with no suppression when considering the global scale uncertainty that appears on the trigger particle orientation averaged I AA . On the away-side, there is significant suppression in central events, as evidenced by the trigger particle averaged I AA , but the statistical precision with which to determine the φ s variation is limited.
Midcentral (20%-60%) events, have greater eccentricity and could be expected to show correspondingly larger trigger particle orientation dependence due to path-length variation through the collision zone. The same set of representative this source of systematic uncertainty has little correlation between the centrality and momentum selections. For central events the near-side suppression is consistent with a constant as a function of φ s within the statistical and φ s -correlated systematic uncertainties. The values are also consistent with no suppression when considering the global scale uncertainty that appears on the trigger particle orientation averaged I AA . On the away-side, there is significant suppression in central events, as evidenced by the trigger particle averaged I AA , but the statistical precision with which to determine the φ s variation is limited.
Midcentral (20%-60%) events, have greater eccentricity and could be expected to show correspondingly larger trigger particle orientation dependence due to path-length variation through the collision zone. The same set of representative per-trigger azimuthal yields is shown in Fig. 6 for the midcentral selection. Again, the near-side jets for the most in-plane and most out-of-plane trigger particle are consistent with each other, a direct indicati variation with respect to the reaction plane. The also in agreement with zero, as before, further de that the underlying event flow correlations are we by Eqs. (6)-(9). In contrast to the near-side, the measurements (see insets in Fig. 6 ) change b in-plane and out-of-plane trigger particle orient the latter having consistently smaller yield for momenta.
The integrated near-and away-side per-trigge for midcentral (20%-60%) collisions are shown The near-side jet is essentially flat, with negligib sion [I AA (φ s ) = 1]. The away-side jet yield is i suppressed with increasing φ s . This falling tren only small associated particle yield remaining for o trigger particle orientations. this source of systematic uncertainty has little correlation between the centrality and momentum selections. For central events the near-side suppression is consistent with a constant as a function of φ s within the statistical and φ s -correlated systematic uncertainties. The values are also consistent with no suppression when considering the global scale uncertainty that appears on the trigger particle orientation averaged I AA . On the away-side, there is significant suppression in central events, as evidenced by the trigger particle averaged I AA , but the statistical precision with which in-plane and most out-of-plane trigger particle orie are consistent with each other, a direct indication variation with respect to the reaction plane. The mid also in agreement with zero, as before, further demon that the underlying event flow correlations are well d by Eqs. (6)-(9). In contrast to the near-side, the aw measurements (see insets in Fig. 6 ) change betw in-plane and out-of-plane trigger particle orientatio the latter having consistently smaller yield for all momenta. source of systematic uncertainty has little correlation een the centrality and momentum selections. r central events the near-side suppression is consistent a constant as a function of φ s within the statistical φ s -correlated systematic uncertainties. The values are consistent with no suppression when considering the l scale uncertainty that appears on the trigger particle tation averaged I AA . On the away-side, there is significant ression in central events, as evidenced by the trigger le averaged I AA , but the statistical precision with which termine the φ s variation is limited. idcentral (20%-60%) events, have greater eccentricity ould be expected to show correspondingly larger trigger le orientation dependence due to path-length variation gh the collision zone. The same set of representative igger azimuthal yields is shown in Fig. 6 for the entral selection. Again, the near-side jets for the most in-plane and most out-of-plane trigger particle orientations are consistent with each other, a direct indication of little variation with respect to the reaction plane. The mid-φ are also in agreement with zero, as before, further demonstrating that the underlying event flow correlations are well described by Eqs. (6)-(9). In contrast to the near-side, the away-side measurements (see insets in Fig. 6 ) change between the in-plane and out-of-plane trigger particle orientations with the latter having consistently smaller yield for all partner momenta.
The integrated near-and away-side per-trigger jet yields for midcentral (20%-60%) collisions are shown in Fig. 7 . The near-side jet is essentially flat, with negligible suppression [I AA (φ s ) = 1]. The away-side jet yield is increasingly suppressed with increasing φ s . This falling trend results in only small associated particle yield remaining for out-of-plane trigger particle orientations. this source of systematic uncertainty has little correlation between the centrality and momentum selections. For central events the near-side suppression is consistent with a constant as a function of φ s within the statistical and φ s -correlated systematic uncertainties. The values are also consistent with no suppression when considering the global scale uncertainty that appears on the trigger particle orientation averaged I AA . On the away-side, there is significant suppression in central events, as evidenced by the trigger particle averaged I AA , but the statistical precision with which to determine the φ s variation is limited.
Midcentral (20%-60%) events, have greater eccentricity in-plane and most out-of-plane trigger particle orientations are consistent with each other, a direct indication of little variation with respect to the reaction plane. The mid-φ are also in agreement with zero, as before, further demonstrating that the underlying event flow correlations are well described by Eqs. (6)-(9). In contrast to the near-side, the away-side measurements (see insets in Fig. 6 ) change between the in-plane and out-of-plane trigger particle orientations with the latter having consistently smaller yield for all partner 
Two particle correlations
Two particle correlations are calculated by dividing the relative angular distributions of real event pairs with those from mixed events, and applying proper normalization:
where φ trig is the trigger particle azimuthal angle and φ asso is the associate particle one. Correlations have been measured with particles tracked at mid rapidity in the range |η| < 0.35 without rapidity gaps between trigger and associate particles. In the correlations, the contributions from jet survives, thus allowing us to study to the interplay between hard-scattered partons and medium.
In addition to inclusive trigger correlations, the study of two particle correlations with additional selection of the azimuthal angle between the trigger particle and the second order event plane provides a useful tool to control the path length which parton propagate. This studies produce measurements sensitive to the path-length dependence of parton energy loss with high momenta pairs and to the influence of medium effects with intermediate momenta pairs.
The correlations include the contributions from collective flow. The flow shapes can be estimated from experimentally measured event plane resolutions and the Fourier coefficients v n . Their contribution is subtracted with the normalization factor determined by ZYAM method [6] .
Results

Two-particle correlations versus event plane at high pt
The π 0 -hadron correlations with neutral pions in the p T range 4 < p Right panel of Fig.1 shows the integrated yield in near and away side of triggered correlations, normalized to the yields in p + p collisions as a functions of the relative angle between the trigger particle (π 0 ) and the second order event plane (Φ 2 ). Here the collective flow contributions from v 2 and v 4 (Φ 2 ) harmonics are subtracted, while v 3 and v 4 are not subtracted. However the omission of higher v n is not significant in correlation measurements with high momenta pairs, since the ratio of jet signal over flow contribution is large enough.
While the near side yield is consistent with the yield in p + p collisions within the statistical and systematic uncertainties, the away side yield is significantly suppressed compared to p + p collisions. The away side yield is monotonically decreasing as the angle between the trigger particle and the second order event plane increase, that is parton path length increases.
3.2. Two-particle correlations versus event plane at intermediate p T Fig.2 shows the hadron-hadron correlations in polar coordinates for trigger particle in 2 < p trig T < 4 GeV/c and associated particles in 1 < p asso T < 2 GeV/c in Au+Au collisions at √ s NN = 200 GeV, with the additional selection on the angle of the trigger particle with respect to the second order event plane. Also in this case contributions from v 2 and v 4 (Φ 2 ) are subtracted from correlations with ZYAM method. In the left panel, the correlations are shown for the case of trigger particle in the out-of-plane region, while the case of in-plane trigger particle is shown in the right panel.
The open symbols (in blue) show the correlations where the trigger particle is selected in left side of event planes, while the closed symbols (in red) show the correlations where the trigger particle is selected in right side of event plane. The ellipse at the center (in green) represents the medium shape. The red, blue, and black arrows indicate the direction of the trigger particle and of the event plane, as well as orange arrows indicate the direction in which correlation yields are more pronounced.
Focusing on the away side shape of left-triggered correlations from event plane, the yield in longer path length tends to be larger than that in shorter path length side in the case of trigger particle exiting out-of-plane, while, for the case of trigger particle in the in-plane region, the yield in shorter path length side tends to be larger. Out-ofplane triggered correlations are dominated by surface emission of particles, however in-plane triggered correlations are overwhelmed by penetrating emissions. These observations indicate a non-monotonic behavior of the away side yield as a function of parton path length, which is inconsistent with the monotonic trends seen in high momenta pair correlations shown in Fig.1 . This non-monotonic behavior in triggered correlations is preserved even including v 3 terms to flow contribution subtraction. Since the correlation between second and third event planes is weak and contributions from v 3 is almost independent of the angle between the trigger particle and the second order event plane, and the same amplitude of contributions from v 3 is subtracted in any correlations with different trigger particle angle relative to second order event planes.
3.3. Two-particle correlations with v n contribution subtractions Fig.3 presents the hadron-hadron correlations for trigger particle in 2 < p trig T < 4 GeV/c and associated particles in 1 < p asso T < 2 GeV/c without selecting on the angle between the trigger particle and the event plane. The v 2 , v 3 and v 4 are subtracted. The subtraction of contributions from v 3 and v 4 reduce cos 3∆φ and cos 4∆φ components in correlation functions, resulting in the disappearance of the away side correlation yield in most-central collisions, as seen in correlations with rapidity gap between pairs measured at the LHC [3] [4] . However, away side yield and double humps remain even after the v n contribution subtraction in mid-central collisions.
The remaining amplitude of v remain 3 which is estimated by the cos 3∆φ components in flow subtracted correlations is roughly equivalent to the amplitude of already subtracted v subtracted 3 . It is difficult to explain away side double hump structure in mid-central collisions only with higher order flow harmonics v n .
Summary
Two particle correlations with trigger particle selection relative to second order event plane have been measured at high and intermediate transverse momenta pairs. While away side yields in high momentum pair correlations shows a monotonic suppression as a function of path length, yields from two particle correlations at intermediate momentum show a non-monotonic behavior. Two particle correlations without selection on the trigger particle angle relative to the event plane and with subtraction of :the contribution from v n flow coefficients show the disappearance of double hump structure in most-central collisions. However, the away side double hump structure is still present in mid-central collisions. It is difficult to explain the remaining away side double humps in mid-central collisions in the context of higher order flow harmonics.
